The climate of northeastern Montana is semiarid and precipitation averages about 13 inches per year. The economy of the region is based primarily on agriculture, and owing to the seasonal distribution of precipitation, irrigation is necessary for satisfactory production of most crops raised in the area. Where land to be irrigated is adjacent to the river, surface water commonly is used. About 100 privately owned pumping plants take water from the Missouri or its tributaries to irrigate about 14,000 acres of bottom land. On the Fort Peck Indian Reservation two pumping stations furnish irrigation water for about 23,000 acres.
Purpose of investigation
There are many isolated tracts of arable land on both sides of the Missouri River so located that surface water for irrigation cannot be economically delivered to the land. The investigation was made to determine the feasibility of obtaining, from individual wells, as much as 2 cubic feet per second (about 900 gallons per minute) of ground water suitable for irrigation, industrial, and municipal use. To fulfill this purpose, it was necessary to determine the extent and thickness of water-bearing sand and gravel beds in the alluvial fill of the Missouri River valley and the chemcal quality of the contained water.
Methods of investigation
Test holes were drilled at approximately 1/4-mile intervals along six lines across the valley. Logs of the test holes were compared with logs of privately owned and municipal wells and used to determine the thickness and composition of the alluvium. The locations of the wells, test holes, and cross sections are shown on the map.
Aquifer tests were made to determine some of the hydrologic characteristics of the gravel aquifer within the alluvium. Chemical analyses were made of ground water from test holes and from privately owned wells. The analyses of the water samples are presented in table 2 and are shown graphically on the map. Analyses of water collected in 1947 (Swenson, 1955) from wells in the alluvium are included to supplement the more recent data. Where surf ace water was presumed to affect the quality of the ground water, surface-water samples were collected. Analyses of the surf ace water are presented in table 3.
Well-numbering system
Wells and test holes are numbered in this report according to their location within the land subdivisions of the U.S. Bureau of Land Management. The first numeral of the well number denotes the township, the second the range, and the third the section in which the well is located. The lowercase letters a, b, c, and d, following the section number show the location of the well within the section; the first letter indicates the quarter section and the second and third indicate successive quarterings. The lowercase letters are assigned in a counterclockwise direction, beginning with "a" in the northeast quadrant. If two or more wells lie within the same 10-acre tract, appended consecutive numbers are used to i dentify the wells. (See fig. 2 .)
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GEOLOGIC SETTING
The valley of the Missouri River is carved into the Bearpaw Shale, Fox Hills Sandstone, and Hell Creek Formations of Late Cretaceous age, and the Fort Union Formation of Paleocene age. Swenson( 1955) describes the lithology and distribution of these bedrock formations in detail. The buried bedrock floor of the valley is from 1 to 4 miles wide and is marked with minor hills or ridges. Low bedrock hills, surroundedby alluvium, lie southwest of Wolf Point and Poplar. The general configuration of the buried valley floor was determined by drilling test holes along six lines across the valley. Logs of the test holes are shown graphically on the map.
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FIGURE 2. Diagram of well-numbering system.
The valley has been partly filled with extensive deposits of coarse-to fine-grained unconsolidated sediment. The sediment is a poorly stratified mixture of glacial outwash, stream depo s it s, and slope wash. Swenson (1955, p. 40-44) subdivided the sediment into several units that are shown on his geologic map, a part of which is used for this report. For convenience, the unconsolidated sediment is termed alluvium in this report because the colluvial slope wash and the glacial outwash are minor components. The alluvium has accumulated to a depth exceeding 100 feet in places and has masked most of the irregularities of the floor of the buried valley.
Surficial material consists of clay and silt at most locations. Water-bearing beds of sand, sandy clay, or gravelly sand were found in all test holes, but their depths below land surface were not uniform. Gravel forms the basal part of the alluvium in most of the valley and commonly is overlain by sand strata that contain some gravel. Jensen and Varnes (1964, p. 38) surmised that the basal gravel is glacial outwash.
HYDROLOGY
Occurrence of ground water
The size, shape, and distribution of the many open spaces in rocks determine to a great extent the occurrence of ground water. Very little ground water is available from the Bearpaw Shale that bounds the Missouri River valley in the western part of the study area, but some is available from the Fox Hills Sandstone, Hell Creek Formation, and Fort Union Formation where they form the valley walls and floor in the eastern part of the area. Ground water that is readily available to wells occurs in sand and gravel strata in the alluvium. Water in the upper strata of the alluvium may be under either artesian (confined) or watertable (unconfined) conditions; water in the basal gravel normally is under artesian conditions. Recharge, movement, and discharge Ground water is a renewable resource, therefore, processes by which ground-water recharge, movement, and discharge occur affect the ground-water supply of the area. The upper sand aquifers in the alluvium are recharged principally from precipitation on the alluvium, applied irrigation water, runoff from the bordering uplands and hillsides, interformational leakage from the underlying gravel, and intermittent bank storage of streamflow.
Recharge to the gravel at the base of the alluvium probably is by leakage from the overlying sand and (or) from the underlying bedrock. Most of the runoff that comes into the valley from the adjacent uplands and hillsides recharges the overlying sand and does not reach the river as surface flow. Runoff that recharges the sand raises the altitude of the water table. When the water table in the sand is raised to a higher altitude than the piezometric surface of the water in the underlying gravel, leakage to the gravel is possible.
Interformational leakage from the underlying bedrock to the basal gravel of the alluvium probably is negligible west of Brockton where the bedrock is the Bearpaw Shale. East of Brockton, the alluvium is bounded by the Fox Hills Sandstone, Hell Creek Formation, and Fort Union Formation, all of which may contribute ground water to the gravel if the artesian pressure in the formation is greater than that in the gravel.
The position of the water table or piezometric surface along the lines of test holes drilled in 1963 is shown on the cross sections in figure 2 as of the time of drilling. The lines of test holes are approximately north-south lines and are essentially perpendicular to the river, therefore the slope shown represents but one component of the slope of the ground-water surface. During most of the year, ground water in the alluvium is moving in a direction that is downstream and toward the Missouri River. When the river level is higher than the level of the water table in the adjacent strata, movement of water is away from the river. River water that enters and leaves the alluvium in this way is termed bank storage.
Ground water is discharged from the alluvium principally by effluent seepage and evaportranspiration; minor quantities are discharged from wells. Effluent seepage occurs through much of each year and the Missouri River therefore is one of the main recipients of discharge for ground water. The water table is within a few feet of the land surface in large areas during most of the year and is at land surface for at least part of the year in many swampy areas. Evaporation from the water surfaces and from the soil and transpiration by vegetation effectively discharge large quantities of ground water.
Withdrawal of ground water for irrigation in T. 27 N., Rs. 47 and 48 E. has become significant; however, no marked depletion of the ground-water supply has been noted by the irrigators. Other irrigation wells are located at widely dispersed sites in the area of investigation. The towns of Wolf Point, Poplar, and Brockton obtain their water supplies from wells, and the town of Culbertson has a well that is used as an emergency water supply. Several hundred wells in the area are used for domestic and stock-water supplies. The irrigation and municipal wells discharge water mainly from the basal gravel of the alluvium; the stock and domestic wells discharge water mainly from the upper sandy strata.
Most wells that yield more than 2 cubic feet per second penetrate at least 15 feet of saturated gravel. The thickest layers of gravel, in general, occupy the deeper parts of the buried valley. On the map, areas are shown where data from test holes and irrigation wells indicate that a yieldof 2 cubic feet per second or more can be expected. Other areas where such yields are possible undoubtedly lie upstream and downstream beyond the boundaries indicated; however, the only reliable method of finding them is to drill test holes.
No wells have been constructed to obtain water for irrigation from the sandy strata in the alluvium. Such wells probably would not yield 2 cubic feet per second but would furnish lesser quantities. Fluctuations of water level
The water level in a well at any given time is the result of the relationships between recharge, movement, and discharge of ground water. The fluctuations of water levels in three observation wells and the stage of the Missouri River near Culbertson are shown by hydrographs in figure 3 . The water level in each well responds to a specific set of conditions. Well 28-57-28dd is affected principally by pr ecipi t at ion and ground-water movement. Rises of the water level in this well are probably caused by precipitation. There is an apparent time lag between precipitation and the time of maximum water level. Well 27-46-26ddc is in an irrigated area and receives recharge from applied irrigation water during the growing season. During the winter months the ground generally is frozen and recharge from the scanty precipitation is negligible; consequently the water level in the well declines until the spring thaws begin. Well 27-56-3cca is near the Missouri River. The river is maintained at a relatively high stage during the winter, as water from Fort Peck Reservoir is released to generate electricity and replenish downstream reservoirs. During the summer months, water releases from Fort Peck are reduced, and the downstream river level is thereby lowered. The hydrograph of the Missouri River at Culbertson shows the effects of the controlled releases at Fort Peck dam. The sustained peak and low flows are reflected by the water level in well 27-56-3cca.
Aquifer tests
Tests of the basal gravel aquifer were made at selected wells to provide a basis for determining the coefficient of transmissibility of the aquifer, yield of irrigation wells, and the approximate range of specific capacity of wells. One test was made partly to explore the possibility of inducing recharge to the gravel from the Missouri River. A summary of the results of the aquifer tests is given in Table 1. The coefficient of transmissibility, T, is defined as the rate of flow of water, at the prevailing water temperature, in gallons per day, through a vertical strip of the aquifer 1 foot wide extending the full saturated height of the aquifer under a hydraulic gradient of 100 percent (Ferris and others, 1962, p. 72-73) . The specific capacity of a well is the yield of the well in gallons per minute per foot of drawdown.
Aquifer tests used in this study were drawdown and recovery tests. A drawdown test is made by pumping a well at a constant rate and measuring the depth to water periodically in the pumped well and in observation wells that lie within the cone of depression produced by pumping. (See fig. 4 made after the pump is stopped by measuring the depth to water periodically until there is no longer a cone of depression. Detailed analyses of the theories of ground-water movement and their application have been presented by Ferris andothers (1962 ( ) andBentall (1963a ( , 1963b .
As a means of checking the results, both drawdown and recovery tests were made on most of the wells, and the transmissibilities were also computed from the specific capacities. Because the tests were not made under ideal conditions, the differences between the "T" values as obtained by the several methods are large for some wells. Nevertheless, the data are significant when used with the knowledge that any given value is only an approximation.
The aquifer test of well 27-55-laad3 was designedin part to study the possibility of inducing recharge to the gravel aquifer from the Missouri River. The gravel aquifer at this site is overlain by about 85 feet of saturated sand. Figure 5 shows the arrangement of the pumped well and three pairs of observation wells in relation to the river. In each pair of observation wells, one well was completed in the gravel aquifer and one was completed in the overlying sand. Two additional observation wells were completed in the sand at locations shown in figure 5.
During the pumping test the drawdown in the observation wells completed in the gravel was accompanied by concurrent but smaller drawdown in the wells completed in the sand. The leakage from the sand to the gravel tended to stabilize the cone of depression in the piezometric surface of the gravel aquifer and stop its growth. The recovery of the piezometric surface of the gravel aquifer after the pump was shut off was accompanied by a concurrent rise in the water table of the sand. A drawdown test in which there is leakage to the pumped aquifer from adjacent beds is known as a leaky aquifer test. From the leaky aquifer test data, the coefficient of vertical permeability of the adjacent beds may be computed.
The coefficient of vertical permeability is defined as the rate of flow of water in gallons per day through a horizontal cross-sectional area of 1 square foot under a hydraulic gradient of 100 percent. The coefficient of vertical permeability of the sand was computed to be about 5 gallons per day per square foot.
The pumped well, 27-55-laad3, was about 125 feet from the river bank and movement of water from the river to the well would be expected if the well and river were in hydraulic connection. The small drawdown in well 27-55-laad2, which lies between the pumped well and the river, indicated that the river was recharging the sand, which in turn was recharging the gravel. (See fig. 5 .) The river water has a lower concentration of dissolved solids than does the ground water, but no significant changes in the chemical quality of the pumped water were noted during the 48-hour test. Had the well been pumped longer it is probable that an improvement in the quality of the pumped water would have occurred.
Chemical quality of the ground water
The chemical quality of water is important to irrigation farming in the study area. The amount and type of dissolved constituents in irrigation water are important in determining its suitability for use; however, climate, soil types, drainage, kinds of crops, and water-management practices also must be considered. Special management practices of irrigation with ground water may be required because of undersirable chemical characteristics of the water. These characteristics are closely related to the physical and chemical properties of the materials in contact with the water and to the length of contact time. Analyses of groundwater samples collected from the alluvium are presented in table 2 and are shown graphically on the map. Analyses of surface water are presented for comparison in table 3.
Suitability of water for irrigation use
The chemical characteristics most important in evaluation of water for ir r igation use are (1) total concentration of dissolved solids, (2) concentrations of sodium and the relative proportion of sodium to other cations, (3) concentrations of boron and other elements that may be toxic, and (4) under some conditions, the concentrations of bicarbonate and carbonate as related to the concentrations of calcium and magnesium.
Large concentrations of dissolved solids are objectionable not only because of their toxicity to plants but also because they affect the ability of plant roots to obtain water. Plants consume water from the soil solution, but most of the dissolved solids are rejected on the root surfaces of the plants. The rejected dissolved solids may accumulate in the root zone in such high concentrations that normal water consumption by plants will be hindered. Leaching the soil will flush most of the accumulated salts from the root zone if soil drainage is adequate and the water table lies below the root zone.
Large concentrations of sodium (or large concentrations of sodium in proportion to the concentrations of calcium and magnesium) in the applied water may affect the structure of certain soils that have a high cation-exchange capacity. .Sodium may replace the calcium and magnesium adsorbed on the soil particles and cause the soil to become compacted, which will result in restricted drainage. Conversely, calcium and magnesium from water that contains them in large concentrations may replace sodium adsorbed on the soil particles and cause the soil to become flocculated. Flocculation will improve drainage and tilth of the soil.
A classification diagram for irrigation water (U.S. Salinity Laboratory Staff, 1954) , is shown in figure 6 . The salinity hazard of irrigation water is designated by the specific conductance, the sodium hazard is designated by sodium-adsorption-ratio (SAR). Specific conductance is a measurement of the ability of water to conduct an electrical current and is a rough measure of the concentration of dissolved solids in the water. The SAR and specific conductance values for the samples are listed in table 2 and are plotted on the classification diagram, figure 6 . The classification diagram may be used as a guide in appraisal of the quality of irrigation water only if water management, soil texture, infiltration rate, drainage and other factors are average. Interpretation of the classes is as follows:
Low-salinity water (Cl) can be used for irrigation on most soils with little likelihood that soil salinity will develop. Medium-salinity water (C2) can be used under moderate drainage conditions. Generally, plants with moderate salt tolerance can be grown without special practices for salinity control. High-salinity water (C3) cannot be used on soils with restricted drainage. Even with adequate drainage, special management for salinity control may be required and plants with good salt tolerance should be selected. Over 50 percent of the samples analyzed are classified as high salinity water; the samples included eight from irrigation wells. Very high salinity water (C4) is not suitable for irrigation under ordinary conditions but may be used occasionally under very special circumstances. The soils must be permeable, drainage must be adequate, irrigation water must be applied in excess to provide considerable leaching, and very salt-tolerant crops should be selected. Over 30 percent of the samples analyzed are classified as very high salinity water. Samples from six irrigation wells were in class C4. Low-sodium water (SI) can be used for irrigation on almost all soils with little danger of development of harmful levels of exchangeable sodium. Medium-sodium water (S2) will present an appreciable sodium hazard in fine textured soils having high cation-exchange-capacity, especially under poor drainage conditions. This water may be used on coarse-textured or organic soils with high permeability. Nearly half of the samples analyzed are classified as medium-sodium water. High-sodium water (S3) produces harmful levels of exchangeable sodium in most soils and will require good drainage, high leaching, and addition of organic matter. Very high sodium water (34) is generally unsatisfactory for irrigation except at low or perhaps medium salinity where the solution of calcium from the soil or use of gypsum or other amendments may make the use of the water feasible.
Boron is essential in very small quantities for normal growth of all plants; however, it is toxic in larger concentrations. The concentration of boron in 50 samples of ground water ranged from 0.06 to 0.68 ppm (parts per million) with a median of 0.23ppm. Wheat, alfalfa, and safflower, which are the principal crops grown in northeastern Montana, are not known to be affected adversely by such concentrations of boron.
Sodium bicarbonate and carbonate raise the pH of the soil and may cause "black alkali" deposits. Concentrations of sodium bicarbonate and carbonate in the ground water locally are high enough to cause adverse soil conditions. According to Eaton (1950, p. 123-133) , water that contains a concentration of more than 2.5 epm (equivalents per million) residual sodium carbonate is unsuitable for irrigation. Residual sodium carbonate determinations were made for 69 of the samples listed in table 2 of these 69 samples, over 43 percent contained more than 2.5 epm residual sodium carbonate.
Water from the alluvium ranges widely in salinity or dissolved solids concentration and, for most local areas, is characterized by a predominance of sodium and sulfate. The sulfate concentration is directly proportional to the total dissolved solids concentration of the more saline waters, as indicated in figure 7. Concentrations of the principal cations are not directly proportional to the concentration of total dissolved solids, owing mainly to cation exchange by the soils. Analyses of water collected from several adjacent wells, from test holes of different depths, and from different depths in individual test holes indicate slight differences in chemical characteristics with depth. Deeper wells tend to have higher concentrations of dissolved solids and higher concentrations of sodium in relation to other cations.
Seepage from Big Muddy Creek and the Poplar River undoubtedly has a favorable affect on the quality of water in the alluvium locally. Seepage from irrigation canals and ditches in the Frazer-Oswego area probably contributes favorably to the ground-water quality. Two of the three samples that are classified as C2-S1 on figure 6 are from shallow wells in the Frazer-Wolf Point irrigation project.
Chemical characteristics of water are essentially unchanged with respect to time, as shown by analyses of samples collected in 1947 and during this study. Slight seasonal variations in chemical characteristics may occur, mainly as a result of seepage from streams and applied irrigation water.
Suitability of water for domestic use
Water suitable for irrigation may not be satisfactory for domestic use because the chemical-quality requirements are not the same. Standards established by the U.S. Public HealthService (1962) for drinking water supplied on interstate carriers are useful as criteria of water quality for domestic use. The maximum concentrations permitted by the U. S. Public Health Service standards for some of the common constituents are compared in the following table with the concentrations found in ground water in the study area. Excessive concentrations of sulfate, dissolved solids, and nitrate are likely to produce adverse physiological effects, whereas excessive concentrations of other constituents generally are harmless but produce undesirable tastes, colors, or odors. Durum (Swenson, 1955, p. 60) noted that "*##in areas where water supplies of a low mineral content are difficult to obtain, the residents have become accustomed to drinking water of relatively high mineral content*** the presentation of any standards, ratings, or limits for defining the general domestic utility of the water is useful for comparison only."
Summary and conclusions
The alluvium in the Missouri River valley attains a maximum thickness of about 140 feet and is composed of clay, silt, sand, and gravel. A basal gravel The sandy strata above the basal gravel are water bearing, but their potential yield to wells is not known. Water from the sandy strata will descend into the gravel to replace that pumped from the gravel.
Ground water being used for irrigation is classified as C3 or C4 water. High salinity and excessive concentration of sodium and bicarbonate make accumu- lation of salts in the soil a hazard unless drainage is adequate to permit considerable leaching and careful management of water is practiced. The quality of water in areas of high well yield could be improved by locating the wells as close to the Missouri River as possible where recharge from the river by water of better quality would act as a dilutant.
Concentrations of iron, sulfate, and total dissolved solids in the ground water are sufficiently high to affect adversely the suitability of the water as a domestic supply. 5 CX w >,
REFERENCES
,000 290,000 50,000 72,000 65,000 52,000 98,000 50,000 45,000 43,000 53,000 65,000 Date of collection Sept. 5, 1963 Sept. 6, 1963 Sept. 9, 1963 Nov. 6, 1963 Oct. 22, 1963 Apr. 15, 1964 Oct. 9, 1947 Sept. 5, 1963 Oct. 9, 1947 Nov. 17, 1963 Oct. 8, 1963 Oct. 22, 1963 Oct. 18, 1963 Oct. 10, 1947 Oct. 15, 1947 Oct. 16, 1964 Oct. 16, 1964 Oct. 16, 1964 July 23, 1964 Oct. 10, 1947 Sept. 5, 1963 Oct. 15, 1964 Sept. 7, 1963 Sept. 7, 1963 Oct. 10, 1947 Sept. 7, 1964 Sept. 8, 1964 Sept. 6, 1963 July 23, 1964 Oct. 14, 1964 Aug. 29, 1964 Oct. 10, 1963 Oct. 10, 1963 Oct. 28, 1963 Sept. 2, 1964 Oct. 14, 1947 Sept. 7, 1963 Oct. 31, 1963 Nov. 5, 1963 Oct. 15, 1964 Oct. 15, 1964 Sept. 7, 1963 Oct. 7, 1964 Oct. 7, 1964 Oct. 7, 1964 Sept. 7, 1963 Sept. 9, 1963 Oct. 8, 1964 Apr. Irrigation class C3-S1 C4-S2 C2-S1 C3-S2 C3-S3
C4-S2 C3-S1 C3-S2 C4-S4 C2-S1
C3-S2 C3-S2 C3-S3 C3-S2 C3-S2
C3-S2 C3-S2 C3-S2 C3-S1 C3-S1
C3-S1 C4-S4 C4-S4 C4-S3 C3-S1
C4-S3 C3-S1 C3-S1 C4-S2 C4-S2 C3-S2 C3-S1 C3-S1 C3-S2 C3-S2
C3-S2 C3-S2 C3-S1 C3-S1 C3-S2
C3-S2 C3-S2 C3-S1 C3-S2 C3-S1
C4-S4 C3-S1 C4-S2 C4-S4 C4-S4 Date of collection May 14, 1964 May 5, 1964 Nov. 14, 1963 Oct. 3, 1962 Sept.20, 1963 Sept.23, 1963 Sept. 9, 1963 Nov. 6, 1963 Apr. 30, 1964 Sept. 7, 1963 Oct. 14, 1947 Oct. 5, 1963 Oct. 8, 1964 Oct. 24, 1963 Oct. 7, 1963 Sept. 9, 1963 Sept. 9, 1963 Sept. 9, 1963 Oct. 13, 1947 Sept. 10, 1963 Oct. 12, 1964 Oct. 12, 1964 Oct. 13, 1947 
